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Multiple sclerosisAbstract Purpose: To investigate the diagnostic values of quantitative diffusion tensor imaging
parameters in detecting abnormalities in white matter of MS patients and correlate this with lesion
load and clinical disability as prognostic factors.
Patients and methods: Diffusion tensor imaging (DTI) was performed in 45 consecutive MS
patients and 20 age-matched healthy control volunteers fromMarch 2011 to November 2013. Mean
diffusivity (MD), volume ratio (VR) and the fractional anisotropy (FA) were measured in normal
appearing white matter (NAWM) and in different types of focal MS lesions during both activity
and remission and compared with normal white matter (NWM) of the control group. Evaluation
of lesion load was done by the semiautomated method. Clinical assessment of MS was established
using the Kurtzke expanded disability status scale (EDSS) and the Kurtzke functional system score.
Results: Signiﬁcant increase of MD and decrease of FA and VR from normal appearing white mat-
ter of the patients to MRI detected active lesions and the least is inactive plaques comparing with
NWM of the control group (P value 0.003 for MD, 0.013 for FA, and 0.014 for VR). Correlation
and signiﬁcant difference between {(increase in MD) and (decrease in FA and VR)} and lesion load
(strongest in parietal lobes) and also Kurtzke expanded disability status scale (EDSS) and Kurtzke
functional system score (KFS-p).maging;
s scale;
ile: +20
ail.com
882 R. Elshafey et al.Conclusion: DTI–MRI quantitative parameters are good predictors of tissue damage not only in
MRI-deﬁned lesions but also in NAWM as a result of Wallerian degeneration and are helpful as
diagnostic and prognostic tools.
 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Society of Radiology and Nuclear
Medicine. Open access under CC BY-NC-ND license.1. Introduction
Multiple sclerosis (MS) is one of the common chronic demye-
linating diseases of the white matter. It is considered the most
common cause of non-traumatic disability in young and mid-
dle-aged adults. According to statistics, more than 400,000
persons in the United States and 2 million people worldwide
are affected. MS is characterized by relapsing remitting (RR)
clinical course in approximately 85% of patients with episodic
onset of symptoms followed by residual deﬁcits or by a full
recovery especially in the early stage of the disease (1). The
exact etiology and underlying mechanism of evolution of the
disease are still not fully understood, however several experi-
mental evidences support the auto-immune pathogenesis (2).
Magnetic resonance imaging (MRI) is an important tool, not
only in the diagnosis of multiple sclerosis (MS) but also for
its follow up regarding the activity of the disease and responses
to therapeutic trials (3).
Conventional MR images of patients with MS show multi-
ple focal abnormalities especially on T2 and FLAIR
sequences, which correspond to the histopathological changes
in the white matter (WM) lesions, however it is less sensitive to
the associated diffuse damage in normal appearing white mat-
ter (NAWM) and gray matter (NAGM) (4). Also the limita-
tions of the expanded disability status scale (EDSS) and
Kurtzke functional system score (KFS-p), which is heavily
weighted toward ambulatory dysfunction (5,6).
On the other hand, diffusion tensor imaging (DTI) provides
in vivo information about brain tissue microstructure and
architecture. It also provides quantitative parameters like frac-
tional anisotropy (FA) and mean diffusivity (MD), correlated
with tissue damage that is not detectable in T2 and FLAIR
imaging (7–10).
The aim of this work is to study the diagnostic values of
quantitative diffusion tensor imaging parameters (MD, FA
and VR) in detecting abnormalities in focal lesions of MS with
evaluation of underlying pathology of NAWM in comparison
with NWM of the control group as prognostic factors.
2. Materials and methods
The study was approved by the Research Ethics Committee
(REC) of our hospital and a written informed consent was
obtained from all subjects prior to study entry.
FromMarch 2011 to November 2013, forty ﬁve consecutive
MS patients referred to the Department of radiodiagnosis
from Neuropsychiatry Department prospectively participated
in this study, (18 male and 27 female) with an age range of
27–59 years, a mean age of 41.3 ± 7.2 years, the median dis-
ease duration was 11 years (range: 4–31). Twenty age-matched
healthy volunteers were included as control subjects with an
age range of 26–49 years and a mean age of 39.8 ± 5.6 years
(6 male and 14 female). The neurological impairments wereevaluated in accordance to Kurtzke expanded disability status
scale (EDSS) and Kurtzke functional system score as a more
speciﬁc estimate of motor impairment (5,6).
Exclusion criteria were history of stroke, brain trauma or
tumours, other major neurologic and/or systemic diseases, or
age older than 60 years (to avoid confounding with atheroscle-
rotic changes and age related involutional changes on MR
images).
Twenty eight patients had been given interferon beta (23
patients on interferon beta-1b and 5 on interferon beta-1a),
17 patients had been given oral corticosteroids (10 mg per
day).
All individuals of the study were subjected to: full history
taking, thorough clinical and neurological examinations and
routine laboratory investigations in the form of: CBC, liver
and kidney function tests, fasting and 2 h postprandial blood
glucose, ESR, LDH, CRP, CSF analysis (26 patients) with a
2 year follow up for all patients.
2.1. Image acquisition and postprocessing
Images were acquired by using a 1.5-T General Electric scan-
ner (GE Medical Systems, Milwaukee) with a neurovascular
coil.
Sedation was needed for 10 patients (for uncooperative
patients and abnormal movements).
All patients were examined in the supine position using a
neurovascular coil with the head maintained in a neutral posi-
tion. Routine axial spin echo T2-weighted images (repetition
time [TR] 2000 ms, echo time [TE] 20/100 ms; matrix size
256 · 256; ﬁeld of view [FOV] 240 mm; slices thickness
5 mm), FLAIR (TR 8000 ms, TE 50/158 ms; matrix size
256 · 256; FOV 240 mm; slice thickness 5 mm, inversion time,
2200 ms). Axial T1-weighted MR images (TR = 600 ms,
TE = 10 ms, axial slices 5 mm) were acquired pre- and postad-
ministration of 0.1 mmol/kg Gd-DTPA for all patients.
Diffusion weighted images (DWI) in 25 directions to obtain
diffusion tensor images (DTI) using pulsed gradient, echo-pla-
nar imaging (repetition time [TR]/echo time [TE], 12,000/78;
matrix, 128 · 128; ﬁeld of view, 240 · 240 mm; slices 4 mm; b
values, 0, 1000 s/mm2.
Data were processed at workstation (Sun workstation (Sun
Microsystems, Mountain View, CA using 4.6 ready view soft-
ware package).
By collecting data from FLAIR images, T2 WI, Diffusion
WI and T1 with contrast images using high contrast resolution
images, slice by slice for the whole brain for each patient, the
lesion contour, size, intensity, extensions and pattern of
enhancement were recorded to identify active, inactive lesions
and NAWM. The diffusion tensor quantitative parameters,
fractional anisotropy (FA), volume ratio (VR) and mean diffu-
sivity (MD), were calculated for active, inactive plaques (if
present), corpus callosum and NAWM (infratentorial, supra-
T
a
b
le
1
M
ea
n
q
u
a
n
ti
ta
ti
v
e
D
T
I
a
ss
es
sm
en
t
o
f
N
A
W
M
a
n
d
p
la
q
u
es
in
sp
ec
iﬁ
c
lo
ca
ti
o
n
in
M
S
p
a
ti
en
ts
a
n
d
th
e
co
n
tr
o
l
g
ro
u
p
.
S
p
ec
iﬁ
c
re
g
io
n
s
F
A
(c
o
n
tr
o
l)
F
A
(p
a
ti
en
t)
M
D
·1
0

3
m
m
2
/s
(c
o
n
tr
o
l)
M
D
(·
1
0

3
m
m
2
/s
)
(p
a
ti
en
t)
V
R
(c
o
n
tr
o
l)
V
R
(p
a
ti
en
t)
P
la
q
u
e
N
A
W
M
P
la
q
u
e
N
A
W
M
P
la
q
u
e
N
A
W
M
A
I
A
I
A
I
C
C
(b
o
d
y
)
0
.6
5
0
.6
0
.3
8
0
.6
3
0
.3
4
0
.4
6
0
.4
9
0
.3
9
0
.3
5
0
.1
9
0
.1
6
0
.2
4
C
C
(g
en
u
)
0
.7
4
0
.6
9
0
.4
7
0
.7
0
.3
1
0
.4
1
0
.4
4
0
.3
6
0
.3
5
2
0
.2
3
0
.2
1
0
.2
7
C
C
(s
p
le
n
iu
m
)
0
.7
2
0
.6
3
0
.4
3
0
.6
7
0
.3
6
0
.4
8
0
.5
2
0
.4
1
0
.3
8
0
.1
9
0
.1
4
0
.2
9
In
te
rn
a
l
ca
p
su
le
0
.6
9
0
.5
5
0
.4
7
0
.6
5
0
.2
9
0
.3
5
0
.3
9
0
.3
2
0
.3
6
1
0
.2
7
0
.1
9
0
.3
S
u
p
ra
te
n
to
ri
a
l
W
M
0
.4
5
0
.3
2
0
.2
9
0
.3
9
0
.2
7
9
0
.4
0
2
0
.4
2
0
.3
5
0
.3
1
0
.2
3
0
.1
9
0
.2
6
In
fr
a
te
n
to
ri
a
l
W
M
0
.5
3
0
.3
5
0
.3
0
.4
1
0
.2
8
1
0
.3
8
0
.4
0
3
0
.3
3
0
.3
0
.2
2
0
.1
7
0
.2
8
N
B
:
W
e
u
se
a
p
er
so
n
a
l
ca
lc
u
la
to
r
fo
r
co
n
v
er
si
o
n
o
f
n
u
m
b
er
s
w
it
h
b
a
se
e
in
to
th
ei
r
eq
u
iv
a
le
n
t
n
u
m
b
er
s
w
it
h
b
a
se
1
0
.
A
=
a
ct
iv
e
p
la
q
u
es
,
I
=
in
a
ct
iv
e
p
la
q
u
es
.
Diffusion tensor imaging for multiple sclerotic patients 883tentorial and internal capsule) and compared with the results
obtained from the matched control group.
Lesion load is quantiﬁed by comparing conventional
spin-echo scans especially FALIR images consecutively in
a random order and then side-by-side by two radiologists,
lesions on each sequence were counted and marked. Only
hyperintense areas which were considered lesions by both
the raters with high conﬁdence were counted as lesions.
Lesions of area <20 mm2 or in proximity to CSF were
excluded to eliminate partial volume artifact and exclude
nonspeciﬁc lesions. The lesion load was assessed quantita-
tively by estimating the total volume of the white matter
lesions using a semiautomated local thresholding technique
by tracing their outlines manually, and the software was pre-
set not to exceed the outlines of the region of interest by
assigning the MR numbers of the tissues subject of study,
a quantiﬁcation process was run which rendered the volume
of the structure in focus, using a 3D Slicer version 4.2.2-1
software which is a multiplatform, free and open source
software package for visualization and medical image com-
puting developed by the Harvard university and approved
for medical research (http://www.slicer.org/).
Imaging data were reviewed by two radiologists (with more
than ﬁve years of experience) blinded to the patients clinical
pictures; and then they nearly reached a consensus opinion.
2.2. Statistical analysis
Statistical presentation and analysis of the present study were
conducted, using the mean and standard deviation by SPSS
V.16. Analysis of variance [ANOVA] tests and Tukey’s test
were used to determine the signiﬁcance between 2 groups:
According to the computer program SPSS for Windows.
ANOVA test was used for comparison among different times
in the same group in quantitative data. P value <0.05 was
considered signiﬁcant.
Correlations were made among MD, FA, and VR and
lesion loads and disability scores by using the Spearman rank
correlation test.
3. Results
The present study includes forty ﬁve MS patients and twenty
matched (age and sex) control volunteers.
The clinical course was categorized as 23 cases of relapsing–
remitting multiple sclerosis (RRMS) and 12 cases of secondary
progressive, 7 primary progressive and 3 progressive relapsing
multiple sclerosis, According to the United States National
Multiple Sclerosis Society (11). 18 patients had active plaques
and 27 patients had inactive plaques.
Mean Quantitative DTI parameters assessment of NAWM
and plaques in speciﬁc locations in MS patients and control
group was shown in Table 1.
All patients in the study showed signiﬁcant increase of the
MD while decrease of FA and VR of normal appearing white
matter and plaques compared with normal white matter of the
controls (P value 0.003 for MD, 0.013 for FA, and 0.014 for
VR). Inactive plaques showed more changes in DTI
parameters than active ones. However no statistical difference
was seen among active and inactive groups (P value 0.07).
(Figs. 1–3).
884 R. Elshafey et al.By comparing statistical signiﬁcance of DTI parameters in
corpus callosal regions, MS patients showed lower FA and
VR with higher MD in each callosal region compared with
NWM, however statistical signiﬁcance was detected only in
the splenium (P value 0.024) (Table 2).
By analysis of DTI parameters in NAWM, increased MD
was more widely detected in the periventricular region, espe-
cially in the frontal and occipital lobes more than changes in
FA and VR (Figs. 2 and 3).
Infratentorial region (especially in the occipital lobes)
showed signiﬁcant decreased FA especially in the white matter
adjacent to the ventricles (P value 0.031) (Table 3).
There were correlations and signiﬁcant difference between
increase in MD and decrease in FA and VR and lesion load.
The strongest correlations were found between FA, VR and
MD and LLs in the parietal lobes (P value 0.04 for MD,
0.036 for FA, and 0.041 for VR.).
Our statistic showed more signiﬁcance of MD in the detec-
tion of widespread MS lesions and subsequently the LL than
done by FA and VR, reﬂecting more extension of the axonal
and peri-axonal pathology.
Correlation and signiﬁcant difference between (increase in
MD) and (decrease in FA and VR) and EDSS AND Kurtzke
functional system score (KFS-p), strongest values in KurtzkeFig. 1 DTI of a healthy volunteer. The calculated parameter maps
values in Multiple ROI at corpus callosum, supratentorial normal whit
contrast is deﬁned by the different diffusivity of CSF and brain parenc
tracts with a great variation throughout the brain due to differences i
Highest anisotropy is seen in the genu and splenium of the corpus call
stronger in VR map than FA. (A) Axial FLAIR image. (B–D) DTI di
placed in genu, splenium of corpus callosum and NWM.functional system score (KFS-p) (P value 0.046 for MD, 0.03
for FA, and 0.048 for VR.). This correlation was of beneﬁt
in treatment trials and assessment of quality of life and as
prognostic values.
4. Discussion
Multiple sclerosis (MS) is an immune-mediated, inﬂammatory
demyelinating disease of the central nervous system. It is char-
acterized histopathologically by demyelination, axonal injury,
inﬂammation, gliosis and remyelination (12–13).
For many years, conventional MRI (including T2-
weighted, FLAIR, pre- and post-contrast T1-weighted scans)
plays an important role in early diagnosis of MS and monitor-
ing its response to current treatments and upcoming experi-
mental agents (14).
According to Janardhan et al. (15) conventional MRI
shows multiple focal abnormalities in MS, which correspond
to histopathologic lesions in the white matter.
On T2-weighted and FLAIR images, lesions appear hyper-
intense compared with the background, whereas on T1-
weighted images (T1 WI), the MS lesions are often isointense
to the normal white matter but can be hypointense if chronic
tissue injury or severe inﬂammatory edema occurs. After IVof diffusion tensor imaging (MD, FA and VR) reﬂecting normal
e matter, posterior limb of internal capsule. In MD map the image
hyma. FA and VR maps reveal proper delineation of white matter
n ﬁber direction and density with proper myelin sheath of axons.
osum. The contrast between regions of low and high anisotropy is
rectionally encoded color (B: MD, C: FA, D: VR) map (ROIs are
Fig. 2 Female patient aged 29 years with RRMS (4 years duration). Multiple hyperintense MS plaques are seen in FLAIR images in
centrum semiovale, and anterior limb of internal capsule. MD map reveals multiple areas of increased diffusivity. FA and VR maps
showing areas of decreased anisotropy which are much larger than the lesion’s appearance on FLAIR images. (A and B) Axial FALIR
images. (C–E) DTI directionally encoded color (B: MD, C: FA, D: VR) map. (F–H) DTI directionally encoded (E: MD, F: FA, G: VR)
map (ROIs are placed in the genu and splenium of corpus callosum, MS plaques and NAWM).
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Fig. 3 Female patient aged 42 years with secondary progressive MS (7 years duration). Multiple scattered MS plaques with surrounding
edema, prominent involvement of the frontal lobes denote unfavorable clinical status. MD, FA and VR maps reveal multiple areas of
increased diffusivity and decreased anisotropy. Marked diffuse increase in mean MD denoting advanced stages of the disease (secondary
progressive) with irreversible tissue disruption, gliosis, and axonal loss. These changes are not conﬁned to MS plaques but also to NAWM
denoting astrocytic hyperplasia, patchy edema, perivascular inﬁltration, demyelination and axonal loss. (A) Axial FALIR images. (B–D)
DTI directionally encoded color (B: MD, C: FA, D: VR) map. (E–G) DTI directionally encoded color (E: MD, F: FA, G: VR) map (ROIs
are placed in the genu and splenium of corpus callosum, MS plaques and NAWM).
886 R. Elshafey et al.
Table 2 Correlation between quantitative DTI parameters
and lesion load of MS plaques.
Quantitative DTI parameters Lesion Load
P r
MD 0.04 0.42
FA 0.036 0.38
VR 0.041 0.27
P signiﬁcant <0.05, r correlation coefﬁcient.
Table 3 Correlation between DTI parameters and overall
EDSS and Kurtzke functional system score (KFS-p).
DTI parameters Overall EDSS (KFS-p)
P r P R
FA 0.03 0.36 0.02 0.64
MD 0.046 +0.48 0.038 +0.67
VR 0.048 0.45 0.041 0.59
P signiﬁcant <0.05, r correlation coefﬁcient.
Diffusion tensor imaging for multiple sclerotic patients 887contrast administration the same lesions may appear hyperin-
tense (enhancing) if they are in the acute inﬂammatory phase.
Many previous studies conﬁrmed that tissue damage in
multiple sclerosis (MS) is not only limited to the lesions (pla-
ques) seen in T2 and ﬂuid attenuated inversion recovery
(FLAIR) sequences, but also involves the white and gray mat-
ter of the brain (16–20).
Recently DTI appeared to be more sensitive than conven-
tional MR imaging in the detection of occult tissue damage
in MS patients through accurate information about water dif-
fusion within tissues. The DTI by its quantitative parameters
fractional anisotropy (FA) and mean diffusivity (MD), allows
an assessment of the more widespread tissue damage occurring
outside the obvious lesions detected by conventional MR (21).
MD is a quantitative metric of water diffusion without any
directionality, so increase in its value reﬂects more diffusivity
in that area. On the other hand, fractional anisotropy (FA),
represents the prevalence of diffusivity along one direction.
The scalar value of FA ranging from 0 to 1 with highest value
in compact WM, decreases in the gray matter, and approaches
zero in the CSF (22).
Forty ﬁve MS patients were included in this study who were
diagnosed both clinically using Kurtzke expanded disability
status scale (EDSS) and Kurtzke functional system score and
by conventional MR. Another twenty healthy age matched
control subjects were also included for comparison. High-res-
olution diffusion tensor imaging (DTI) was performed for all
patients and the control subjects. For each patient the average
values of MD, FA and VR for the NAWM, active and inactive
plaques were calculated. These values were compared with
normal white matter (NWM) of the control cases taken at
the corpus callosum, internal capsule, infra-tentorial and
supra-tentorial white matter. Our results showed gradual des-
cent of the FA and VR average values with highest values seen
in the NWM of the control subjects followed by NAWM of
the patients then the active plaques and lastly the inactive pla-
ques. The MD average values were in the opposite direction
with the highest values seen in the inactive plaques while theleast values were in the NWM of the healthy control, similar
results were reported by Testaverde et al. (21).
We also agreed with Ceccarelli et al. (23) who stated that
decrease of FA in MS patients is likely due to altering of the
structural organization of nerve bundles even with reparative
gliosis as the glial cells do not have the same organization in
space as the cells that they replace.
Regarding the MD, our results were synchronized with
those of Senda et al. (12) in their study. They stated that the
highest increases in MD were found in T1 hypo-intensity
lesions without gadolinium (Gd) enhancement, which repre-
sent the areas of irreversible tissue disruption, gliosis, and axo-
nal loss. Our results also coincide with Kolasinski et al. (24) as
they found that the extent of MD lesions in NAWM is more
than that of FA lesions. We could explain these results that
MD is primarily inﬂuenced by free space hence its increase
with vasogenic edema , axonal and myelin loss while FA is
more sensitive to the detection of the integrity of WM but
not very speciﬁc in distinguishing between diseases character-
ized by a range of pathological processes, such as edema,
inﬂammation, demyelination, and leukoaraiosis.
In this study we also proved a signiﬁcant correlation
between increase in MD and decrease in FA and VR on one
side with the lesion load on the other side (P< 0.05), Similar
ﬁndings were mentioned by Ciccarelli et al. (25) who found a
signiﬁcant correlation between total brain lesion load (LL)
with both FA and MD when the whole corpus callosum
(CC) was included in the analysis. This strong correlation indi-
cates that the pathological mechanisms are widespread and
interrelated throughout the brain.
One important limitation in our study was the presence of
variable MS phenotypes with heterogeneity of the clinical vari-
ables in addition to presence of some patients with mixed dis-
ease course. Another limitation was the short time study and
relative low number of the patients. Lastly some patients
received medications like steroids which may inﬂuence the
state of myelination in health and disease.
The use of the DTI metric study in patients with multiple
sclerosis is of beneﬁt as prognostic values, to identify early
pathological changes in the normal-appearing white matter
and so predict cognitive disorders, to investigate the relation
between global magnetic resonance burden of disease in the
pyramidal tracts and disability and so identifying patients at
risk for neuropsychological (NP) impairment on the basis of
MRI and would thus enhance the quality of care and life.
5. Recommendation
We recommend adding quantitative diffusion tensor imaging
to the other routine sequences for diagnosis and follow up of
multiple sclerosis patients. We also recommend the other
Longstanding study for evaluation using diffusion tensor
imaging for monitoring disease progression and treatment
response.
6. Conclusion
DTI–MRI quantitative parameters are good predictors of tis-
sue damage not only in MRI-deﬁned lesions but also in
NAWM as a result of Wallerian degeneration and are helpful
as diagnostic and prognostic tools.
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